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STATIC AND DYNAMIC ANALYSES ON THE MFTF-L VACUUM VESSEL*
Dorothy S. N¢

Lawrence Livermore National Laboratcry, University of California

Livermore, CA 94550

ABSTRAC

The Mirror Fusion Test Facility 1< a major magnetic fusion energy project
at the Lawrence Livermore National Laberatory. An igportant component of this
facil -ty 1s the vacuum vessel, which forms the vacuur chamber. The vessel is
supported on twenty-two pairs of legs vwhat rest on r~einforced concrete piers,
In performing static and dynamic analyses on tne vacuum vessel, we separately
investigatea the load distribution under gravity loads, pressure loads,
elect-omagnetic loads, and thermal Tcaas. We alsco performed sophisticated
dynamic analyses to predict the structural behavicr ander a postulated

earthguake. The modeling assumption< anc an iytic procedures are highlighted
in this paper.

*Work performed under the auspices of the U.>. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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INTRODUCTION

The Mirror Fusion Test Facility (MFTF-B) at Lawrence Livermore National
Laboratory (LLNL) is a large-scale tandem mirror fusion experiment. In the
magnetic fusion concept, a fusion reaction is created by injecting beams of
energetic neutrals into a high-temperature plasma. Magnetic fields confine

the plasma in a vacuum chamber. The magnetic fields are provided at each end
by a tandem mirror cell, which contains a pair of C-shaped magnets called the

yin-yang pair. The central cell of the plasma chamber has a solenoidal
magnetic field. The vacuum environment serves to minimize heat conduction
from the high-temperature plasma. The vacuum pressure in the cylindrical
vessel is maintained by a pumping system.

The MFTF-B (incluaing the vacuum vessel system) was designed and built to
accommodate experiments with maximum magnetic fields of 12 tesla. To aid in
comprehending the structure's behavior, we performed static and dynamic
analyses on computer models for the axicell magnets and vacuum vessel,
simulating various loading conditions and seismic criteria. (A movie
animating model deformation and mode shapes also was made to depict the

behaviour of the structure). This paper is a report of these analyses and the
results.

REASONS FOR ANALYSES

A detailed computer model for use in comprehensive design analyses was
generated by Pittsburgh-Des Moines Corporation (PDM), who hold the contract
for vacuum vessel design. An independent analysis on the vacuum vessel (which
is reported here) was performed by LLNL for the following reasons:

e To monitor the PDM engineering design.

e To compute the hanger loads and foundation loads for the corresponding
design contractors.

e To provide seismic responses of the magnets and vessel for design of
attached equipment.

e Additional analyses verify modeling assumptions.



GEOMETRIC CONFIGURAT ION OF MFTF-B

Ao horizontal cylindrical shape was chusen for the vessel in order Lo
effectively maintain a vacuum environment. longitudinal stiffeners carry
lTongitudinal loads to the adjacent ring stiffeners, which in turn transfer the

l1oads and tne magnet weight downward ta th: leg<,

Modules

lhe central cell of the plasma chamber, which houses the solenoid
magnets, is a cylinder 26 feet in diameter and 72 feet in length., The
cylinder is constructed of eight seclinns s .x of wh-ch are modular), contains
18 rirg stiffeners, and is supported on 14 paivs cf legs (see Fig. 1). Six of
them are removable. Additionally, the cylince- i< <irengthened by four
fongitudinal stiffeners and 36 small reinforcing bare.

he cylinder is connected to the =andem 7:irrcr end plugs (yin-yang cell)
by a dh-degree divergent transition cone. Eecn enc-plug cylinder is 3% feet
in diameter and 65 feet long, is reinforced by four ving stiffeners and eight
longitudinal stiffeners, an'l s supperied on four pairs of legs. Because of
the hravy tandem mirror coils, the inrer r ne tifferers and legs are in
double sections. It has four spherica” he.m lomes. and the end plugs are
capper by a spherical end dome.

“he vessel, legs, and support-box beams 3-e burtt of nonmagnetic
stain’ess steel (304). The support frzmes at “he certral cell are puilt of
carbor stee'. The centrai cell is aliowed tc hear or a shear wall at the
middie of the structure. The end-plug leg. - welided and grouted to four
reinforced concrete piers, cach having a ¢ oes secticn of 10 by 13 feet. Al
vesse” support structures a-e placed v a aro gt of d-foot-thick mat
foundctions.

Penetrations

0 provide access to the inside ot the vassel, numerous Circular and
rectargular penetraticns are scattered ove: tie vessel shell. Beam 1ines,
cooling systems, diagnnstics, and otner types < f equipment are connected
throuch the penetrations. Some superstructar <, such as platforms and
stairvays, are also built orto the veccel,



Magnets

Inside the vessel, 42 superconducting magnets are suspended by vertical
hangers and side struts that are connected directly to the ring stiffeners.
Drag struts are tied to longitudinal stiffeners that bridge over two adjacent
ring stiffeners. The magnets are contained in five modules and are 1ihnked by
Tongitudinal struts.

The complete magnet system consists of two pairs of C-shapea tandem
mirror coils (EM2, EM1, WM2, WM1), two pairs of C-shaped transition coils
(ET2, ET1, WT2, WT1), two sets of eight trim coils (ETR1 to ETR8, WIR1 to
WTR8), two sets of three axicells (EA20, EA2i, EAl and WA20, WAZi, WAT), and
12 solenoids (ES6 to ES1, WS6 to WS1). The M2, M1, and T2 magnets are in the
end-plug moaules; T1, A20, A2i, Al, and S6 magnets are in the axicell modules,
and the rest of the solenoids are in the central-cell module. Some of the
solenoids are tied in pairs by box beams. The trim coils are grouped in
fours. Each group is hung on the T2 or Tl magnets.

MODELING ASSUMPTIONS

To realistically model this complicated system, we made certain
assumptions in order to simply the computer model and, at the same time,
retain an adequate representation of the structure.

Symmetry

The vacuum vessel, the support structures, and the magnet system (except
for the C-shaped magnets) are symmetrical with respect tobthe vertical median
plane. As the exception, the west C-coils are rotated 90 degrees about the
longitudinal axis relative to the east C-coils. The hangers and struts are
symmetrical except for the drag struts on the yin-yang cell and those on the
solenoid module, which has only one group of drag struts. These drag struts
span the plane of symmetry from the west solenoid WS1 to the east-vessel shell.

Even with these unsymmetrical entities, we make the assumption that the
system is symmetric to the midplane and we include only the west half of the
structure in the computer model. We must modify the solenoid-module dray
struts by turning them backward. We assume they are connected to the
west-vessel shell and cross the face of symmetry to the position of the east
solenoid ES1. Because the east half is not modeled, the drag struts are tled
rigidly back to the west solenoid WS1.
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The solenoid-module drag struts carry heavy longitudinal loads to the
vessel shell. Consequently, in the real structure, the first module of the
east central cell is strengthened to resist these heavy loads. In the modeT,
this first east module (and its corresponding suppert legs and foundations)

replaces the first west module of the central cell.

Bounaary Conditions

The boundary conditions at the face of symmetry restrain the longitudinal
(east-west) translation as well as the rotations about the vertical (up-down )
and transverse (north-soutn’ directions. “nese boundary conditions apply to
most “oading conditions except for the magnet tault-loading ana longitudinal
seism:c loading.

"he solencid-module drag struts are attached to the vessel at a point
49 inches west of the face of symmetry. Under longitudinal magnetic forces,
this 39-1inch ring of shell is heavily loaced hecause of longitudinal restraint
at the face of symmetry. (This high-stress ohenomeron doeS not exist in the
real structure). Because this is an .nsymmetric lcading condition, symmetric
bouncary conditions are inappropriate. Tc¢ simulate the true situation, we
replice the symmetric boundary condit-on 'n tne longitudinal direction with a
series of translational springs. We applv tnese longitudinally at the face of
symmetry to model the stiffness of the miss na east half of the vessel.

For dynamic ana‘yses, symmetric houndary conditions apply to transverse
and vertical excitations. fFor longitudinal excitation analysis, antisymmetric
boundary conditions are enforcea. 7nis alliws the model to translate in the
east-west direction snd to rotate about bots axes in the mid-vertical plane.

The base-support boundary conaitions o' the system depend on the relative
flexibility of the suppor: structures with -espect to the 4-foot-thick
fourdation upon which the system sits. /ft -re plug cells, the rotational
stiffness of the massive concrete pilers s nuch areater than that of tneir
fourdations. Obviously the foundation can »¢ driven to rotate by the piers.
Thi. foundation flexibility considerably affects the load distribution between
the ena plug and the central cell. We must ipply ¢ transverse rotational
spring beneath each pier to simulate the foungation flexibility.

For the centrai-cell support structures, the hases of columns and knees
are assumed to be fixed supports. fhe <upports are restrained from all

translations and rotations. Close 7o the ‘ace nf symmetry, the system rests
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on a shear wall. Since the shear wall is not designed to carry any additional
lateral forces or moments from the vessel, the support points are fixed

against vertical translation only.

Element Types

The vessel shell and support legs are modeled by four-node,

quadrilateral, thin, plate/shell elements. This element type is capable of
handling in-plane and out-of-plane loadings. Most of the plate elements have

an aspect ratio that is less than 1 to 5.

We model the stiffeners and support-leg flanges by using two-node,
prismatic, three-dimensional beam elements. Because the shell and beam
elements share common node points, the offset effect of the stiffeners and
ribs must be included. To compensate for this offset effect, we add a portion
of the shell to the calculation of the moment of inertia about the major
neutral axis of the stiffener or rib. |

The superconducting magnets are composed of the conductor bundles, coil
cases, and thermal shields. The coil case is made from nonmagnetic stainless
steel (304 LN) and provides most of the stiffness in the magnet. The beam
elements representing the magnets include only the stiffness of the magnet
cases. However, the total weight of the magnet, including the support
hangers, is uniformly distributed in the beam weight and mass densities.
Because the trim coils are small and attached on transition magnets T2 and T1,
only their weights are included as concentrated loads.

The hangers and struts are designed to be two-force members because the
monoball connections are pinned joints. In the input data for the geometric
properties of the beam elements, a very small value is used for the shear
areas and moments of inertia. This technique is used to simulate the
truss-like action of the hangers and struts. |

Two types of boundary elements (springs) are used in this model to
implement the boundary conditions. Rotational springs are applied at the
midplane of the foundation, beneath the piers, to represent the foundation
rotational flexibility. The stiffness of these springs is calculated by the
formula published in Ref, 1,

The other type of boundary elements are translational springs that are
applied longitudinally at the face of symmetry. Their function is to capture
the resuitant forces at the face of symmetry of the model. These resultant
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forces should balance the support loads ana applied loads in an equilibrium
check.

External Loads

The vacuum vessel is capped at both ends by an end dome. The end dome 1is
hung on the vessel periphery on four major supports, which together with four
pins serve to stabilize in case of earthquake The end dome does not provide
any radial stiffness to the vessel shell and, therefore, is not included in
the mcdel. By design, the total weight of th- ena dome is carried by tne top
two supports on the vessel.

“he end dome 1s pressed tightly on the vessel periphery when tne vessel
is unuer vacuum pressure. Therefore, for dynamic anclysis, we uniformly
distribute the end-dome mass along the periphery n all three directions of
excitation.

Numerous types of auxiliary equipment are installed on the vessel. Their
weights are unifornly distributed over the shell within the corresponding
regicns.  The plate densities are adjustec to include these equipment
weights. Two 6000-pound beam-injector loads are applied as concentrated loads
on tte top heam dome. Equipment weighing nv=: 6,00 pounas will be supported
off the vessel by space frames.

Finite-Element Parameters

The model is reasonably simplified. For example, the double ring
stif“eners and the aouble legs are represented by one group of beams and
plates. The beam dome covers are simply connected to the stiffeners. Noaes
are created only for the stiffener, hangers. drag struts, and beamline
locétions (see Fia. 2). Tre module j0ints are not described in this model.

Longituginally, we use 19 elements 10 noagel the vessel shell and
stitfeners. Their lengths are defined by tae locations of the ring stifteners
and beanline locations. For modeling, we use a total of 24 elements for the
ring stiffeners anc 24 elements for each meqnet. Node coordinates are
assigned to satisfy the hanger and drag-strut locations.

Most components {sucn as the hangers, magnets, and support systems) are
mod=led at their center lines by beam elements, 1n the real structure, the
comsonent connections are at their outeide edges. In the model, rigid 1inks

are used to tie elements together. These "inksS are beam elements with large
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areas and moments of inertia, so that they effectively are relatively rigid
compared to the other elements of the model.

We constructed the model by using 1357 node points, 1610 beam elements,
598 plate elements, and 28 spring elements. The model contains over 7300
degrees-of-freedom. and its half-bandwidth is 516 equations. The model is
analyzed statically and dynamically on the basis of loading conditions and
local seismic criteria.

STATIC ANALYSES
The system is under various types of loads. To better understand the
model behavior, loads are applied separately to the model. The following load

cases are defined to satisfy requirements of the magnetic fusion experiments.

Gravity Load

Gravity load includes all internal-element weight and external
auxiliary-equipment weight. A magnet load of 1340 kips (1000-1b units of
deadweight) is suspended on the stiffeners, and a load of 550 kips of
auxiliary-equipment weight is distributed over the shell. The vessel and legs
weigh over 1000 kips. Including the piers and the support frames, the total
weight is over 4000 kips.

Vacuum Pressure Load

The vessel model is subjected to vacuum pressure along with the vessel
magnetic force. A unit pressure of 16.2 1b/1‘n2 is applied normal to the
vessel shell. The end dome is not included in the model. The vacuum pressure
from the end dome is applied uniformly as concentrated loads on the node
points at the periphery of the shell.

Magnetic Load Under Normal Operation

At the same time the magnets generate a magnetic field for plasma
confinement, they also produce large magnetic forces. When the magnets are
fully in operation, the magnetic forces are defined as the magnetic load case
under normal operation. The radial magnetic forces in each magnet are
self-balanced. In the whole magnet system, the longitudinal forces are also
in equilibrium. However, within one-half of the magnet system, those
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longitudinal forces are cumulative. The iongitudinal forces from each module
are transferred to the vessel by drag struts.

Fault Magnetic Load

In case of emergency, different magnets could be in a fast dump
condition. The change of electric voltage can induce eddy current in adjacent
magnets. In these fault cases, the magnetic forces produced by the magnets
are cuite different from trose produced under normal operation. A magnetic
load matrix is generated to identify the <ault casev. The worst fault case is
adopted as the fault magnetic load.

Environmental Thermai Load

The MFTF-B system is surroundea by a 7-foot-tnick vault wall, anac the
expected environmental temperature variatior of the system is t]OOF. In the
nmode ., the whole system is warmed by 109 .

“n the computer model the truss =2lements, but not the beam elements, are
capatile ot nandling thermal stresses. Therefore, a group of truss elements
are superimposed on all beam elements. Tne truss elements effectively take

care of the axial foarces., and the beain elements resist the shears and moments.

Cool-Down Thermal Loaag

The superconducting magnets are operated at cryogenic temperature but the
vessel remains at room temperature. The nangers and struts are at room
temparature at the vessel end but are at 4 degrees kelvin (K) at the magnet
end. The magnet support system is aesignec to avoird lock-in thermal
stresses. To verify this, & cool-down thermal load is applied to the moael.
The vessel 1s kept at roon temperaturz, tne magnets at 4 K, and the magnet
support elements at the average temperatire ¢f the vessel ano magnet. An
equivalent coetficient of expansion 1ar tne support element is computed on the
basis of its real thermal contraction,

DYNAM] o ANAL>SES
The vessel system is designed to resist a postulated seismic incident at

the .LNL site. For the computer model, we analyze the response spectrum for

specified seismic motions. To do this, we *1irst extract the dynamic
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characteristics of the computer model, such as nodal masses, eigenvalues
(frequencies), and eigenvectors (mode shapes). The high-frequency modes are
truncated and the modal responses are computed. The structural response is
the summation of all computed modal responses in the model. The summation is
obtained by the square root of the sum of the square (SRSS) method. Because
earthquake motion can occur in any direction, we excite the model in three

global directions and again combine the responses by the SRSS method.

Design Response Spectrum

The input spectrum for the LLNL site was based on time histories of an
ensemble of West Coast earthquakes. This site-specific spectrum (see Ref. 2)
has a zero-period acceleration (ZPA) of 0.25 g and is applied in the two
horizontal excitations. For vertical excitation, the ZPA is scaled by
two-thirds.

We performed dynamic analyses on a fixed base model. Several analyses of
soil-structure interaction also were performed on the vessel system along with
its surrounding vault wall by Structural Mechanic Associates (SMA). Compared
to a fixed base analysis, the SMA results led to a 25% reduction in ZPA, which
is caused by a combination of soil damping and soil-structure interactions.

Based on this finding, we reduced the horizontal ZPA to 0.19 g but left the
vertical ZPA at 0.17 g.

Damping Coefficient

For the design spectrum we selected 5% damping. Although the vessel is
made of stainless steel, it rests on massive reinforced-concrete piers and
foundations. A series of dynamic excitation tests performed on the end-plug
vessel indicates the 5% damping coefficient is reasonable. In the tests the
vessel response to an impulsive input function was measured at different
locations. Frequencies and damping values are extracted for each mode by the
Fourier Theory. The average computed damping value indeed is close to 5%. At

5% damping, the peak spectral value is 0.59 g at a period of 0.33 s, tapering
down to 0.14 g at 2 s.

Modal Truncation

Theoretically, a computer model has as many mode shapes as its degrees of
freedom. Generally, the first few (or low-frequency) modes extracted will
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dominate the structural response because of 1ts being magnified by their nigh
participation factors and spectrum accelerations. The nhigh-frequency modes
have less effect in magnifying the structural response.

5 technigue for ensuring adequate seismic desigr 1s included in the
document "Recommended Revisions to Nuc iear Regulatory Commission Seismic
Desigrn Criteria" {see Ref. 3). The document recommerds a modal truncation
cutoff frequency of 33 hertz and recommends ¢ moda' participating mass equal
to 90% of the total structural mass. f lest ~har 9(% of the mass is
captured, the remainirg mass shoula be accourtea for by static analysis.

Jecause the modal extraction is a time-consuming process on the computer,
we on y extract 60 of the total number of noces pcss ble., The last mode
extracted is close to 33 hertz. The effective modal masses are computed for
all 60 modes. From these, the first 40 moses w~itt the highest effective modal
mass values are selected for the response spectrun analyses.

Computer Programs for Analyses

nS aescribed previously, the procedure tor the response-spectrum analysis
is quite complicated. Program SAP4 (see Ref ) 1S well-developed
structural analysis progran for linear elast:c, static, ana dynamic analyses.
We use SAP4 for static analysis (whicn takes 15 minutes to complete on the
COC-7600 computer) and alsc in dynamic analy<1s for setting up the stiffness
and mass matrices and the element connactivity array. For modal extraction,
we us2 SUBSP, which uses a subspace iterat:or algorithm with shifting to solve
the eigenvalues and eigenvectors. for mods! t-uncation, we use MODPAR to
select the modes that have the highe<t modai part Cipating mass. We use
RESPAN tor structural responses and SR5S t+ <um the responses. The use of
these programs is illustratea in the flow chart o* Fig. 3. Modal extraction
is the most time-consuming process ir dynamic 3na ysis, roughly 70 minutes of

computer time being needed to extraci -0 mode shapes.
CVALUATIGN OF ANsLYSES

‘he resulting loads from LLNL are compared with the results of PDM, which
are evaluatea for acequacy of the structurs' members. All static loaa
conditions are processed separately so that we can understand the behavior of

the moael under each condition. This is elsc nelpful in gualifying the
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model. For evaluation purposes, results from different load conditions must
be combined to obtain the worst case.

Load Combination

The loaad cases considered are the following: gravity (G), vacuum

pressure (V), normal operation magnetic force (Mn), fault magnetic force (Mf),
environmental thermal (Te), cool-down thermal (Tc), and earthquake (E).
The operation sequence during the experiment is first to evacuate the

vessel and then to cool down the magnets before energization. The
magnetic-force load cases Mn and Mf do not occur simultaneously. The higher
loaa of these two cases is selected for the load combination. The Tc loaa
case happens before magnet energization; the Te load case exists year round;
and the probability of the E load case occurring is relatively low. Both Te
and E can produce either tension or compression on components. To obtain the
worst possible case, we define five realistic load combinations as follows:

(1) G

(2) G+ vV

(3) G+V+M+Tc

(4) G+V + M+ Te+ Tc

(5) G+V+M+E+Tc

The combined-element loads are compared to the allowable stress to determine
adequacy.

Allowable Stress Criteria

The allowable stress criteria are defined in the ASME Pressure Vessel
Code Section VIII. The components are divided into pressurized components
(vessel and stiffeners) and nonpressurized components (legs and supports).
Stresses are identified as either primary or secondary. Because of the low

incidence of earthquakes, a lower safety margin is applied in the earthquake
case.

Model Deformation

The mirror fusion experiment demands high precision with respect to
magnet locations. The test facility is designed for minimum deflection under
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static loads. The largest computed vertical deflection is 0.25 in. at the
transition T2 magnet. On the vessel, the largest vertical deflection is

0.19 in. at the vertical hanger-attachment pcint at the T2 magnet. The top of
the west end of the vessel is displaced long tudinally a total of 0.15 in.

from the sum of all static l'oad cases

Dominant-Mode Shapes

‘n the transverse and longitudina! directions, the dominant modes are at
frequencies of 3.88 and 4.38 hertz, respective y, anc the total effective mass
included is 75% and 88%, respectively. In the vertical direction, the
dominant frequency is at 6.75 hertz. From vertical excitation of the 40 most
dominant modes, the effective mass amounts tc only 54% of the total. A
pseudostatic analysis is performed on the -ransverse and vertical excitations
to account for the remaining mass.

In transverse excitation, the yin-yang module shows the largest mode
shapes in the first mode. The solencid anrd axicell modules show the most
motior in rotation in the second mode. (Taic s seer in Figs. 4 and 5, where
the dots in the figures indicate the origiral shape.! In vertical excitation,
the dcminant mode aisc has nigh rotational mct on in the axicell module (see
Fig. &). This indicates a dynamic coupling eftect in the model. In the
lTongitudinal directior, the model exhibits 2 » gid-bcdy-like motion (see
Fig. 7).

The input spectrum has a peak spectrai acceleration at about 3 hertz.

The frequencies of the dominant mode ot the model are close to the peak
spectral acceleration, which results 1r an overall equivalent acceleration
factor of about 0.56 g at the base. The uppe~ part cf the model has higher

magnitication because it is amplified ty i*s ieight.

Magnet Hanger Loads

The magnet static behavior is as expected. In the gravity load case, the
magnet weights are supported by the verticai nanger<. In the axicell and
central-cell modules, the moments created Ly “he eccentric loads are resisted
by the drag struts and the corresponding vert cal nangers. The longitudinal
magnetic loads are transferred to the vessei ny the drag struts only. Vacuum
pressure does not produce any lonad in the magnet supports. The support
arrangement is designed to avoid any ‘cck-:n cnerma load and, indeed, there

is only a small loac rasultant in bott of the therms! 1nad cases analyzed.
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The total dynamic loads are obtained by combining the results from three
excitation directions. The dynamic load resultants in magnet supports are
higher than expected. Under vertical excitation, the transverse struts carry
significant loads. During transverse excitation, the vertical hangers resist
significant loads. The high dynamic loads are thought to be caused by the
dynamic coupling effect occurring between vertical and transverse directions.
The same dynamic coupling effect was observed in the PDM model.

Vessel Foundation Loads

0f the total weight, 81% is supported by the end-plug piers, 14% by the
support frame of the central cell, and the remaining 5% goes to the shear
wall. The vacuum-pressure ‘load produces a small vertical load in the piers
and support columns and produces slightly more than 100 kips of longitudinal
shear in the plug foundation. The magnetic load and the environmental thermal
load produce less than 100 kips vertical load in the piers and columns and
less than 200 kips longitudinal shear in the plug foundation. The
central-cell foundations receive insignificant shear from these load cases.
The cool-down thermal loaa case does not produce any load in supports or
foundations.

The results of the dynamic analyses indicate an equivalent acceleration
level of 0.4 g in the plug and over 0.5 g in the central cell. Overall and
except for the piers, the design of the vessel support system is dominated by
the dynamic loads. Because of the additional flexibility from the plug
foundation springs, more load is shifted to the central cell during
longitudinal excitation. As a result, the vertical dynamic forces in the
central-cell columns are much bigger than the gravity load forces. This
indicates the necessity for further investigation of foundation springs.

CONCLUSIONS

The results of two independent analyses by PDM and LLNL are comparable.
Generally our findings from static analyses were as expected, while some of
the dynamic magnet-support loads found were higher than expected. Analyses by
both PDM and LLNL showed this same phenomenon. It is believed that the highly
complicated model experiences some dynamic coupling effects. The analyses
have, in general, verified the adequacy of the design approach used.
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The shifting ot the founaation load by the plug-foundation springs
indicates the sensitivity of foundation loads to flexibility of the
central-cell foundation. This will be further investigated.

At the time these model analyses of the MFTF-8 Axicell vessel were
performea, magnetic forces for the trim coils were not yet available. These
aaditional magnetic forces, as well as misalignment loads on the magnet that
are caused by manufacturing tolerance, dictatea the need for larger stiffeners
in the vessel. Therefore, we revised the model., (omplete static and dynamic

analyses are being performed on the retrofit mndel tc ensure the adequacy of
design.
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Figure 3. Flow chart for dynamic analysis.



-20-

4
—
o

WA A

r model of magnet and vessel systems of MFTF-B Axicell:

Figure 4. Compute
modal participating mass of

Transverse dominant-mode shape at 3.88 hertz,
41.1%, and scale factor of 150.
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Figure 5. Computer model of magnet and vessel systems of MFTF-B Axicell:

Transverse dominant-mode shape at 5.15 hertz, modal participating mass of
11.6%, and scale factor of 150.
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Figure 6. Computer model of magnet and vessel systems of MFTF-B Axicell:
Vertical dominant-mode shape at 6.75 hertz, modal participating mass of 16.8%,

and scale faétor of 75.
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Figure 7. Computer model of magnet and vessel systems of MFTF-B Axicell:

Longitudinal dominant-mode shape at 4.38 hertz, modal participating mass of
76.6%, and scale factor of 75.






